This article is aimed at exploring syngas as an alternative fuel for the modern gas engines. It presents the experimental results on the effect of start of injection on combustion, performance and emissions of a direct-injection spark-ignition engine powered by syngas of H 2 /CO composition. The engine was operated with wide open throttle at minimum advance to achieve maximum brake torque. Two different start of injections were selected to represent before and after inlet valve closing and the excess air ratio (l) was set at 2.3. The engine operation at start of injection = 120°before top dead center was found to be best for combustion and performance at speed up to 2100 r/min. At engine speed higher than 2100 r/min, this start of injection does not permit maximum performance due to injection duration limitation. Hence, early injection at start of injection = 180°before top dead center was adopted at higher speed with better combustion and performance. Therefore, best performance of syngas in direct-injection spark-ignition engine could be attained by setting start of injection at 120°before top dead center for lower speeds and at 180°before top dead center for speed greater than 2100 r/min. Even though fast combustion of syngas suggested late injection for better combustion, performance and emissions, its lower calorific value resulted in operational limitations for direct-injection system particularly at higher speeds maintaining air-fuel ratio close to the stoichiometry.
Introduction
The transportation sector contributes close to onefourth of the global CO 2 emission. The global vehicle ownership which was reported to be closed to 1 billion in 2010 is projected to reach 2.5 billion by 2050. 1 This fact, combined with the concern of depletion of fossilbased fuels, has triggered the search for renewable and alternative fuels for use by the transportation sector. Syngas is believed to be a carbon-neutral fuel especially when it is produced from gasification of biomass. It served as a fuel for spark-ignition (SI) engines in Europe and the United States before it was outmoded by gasoline in the post-World War II. 2 The technical challenges this fuel encountered in the past were associated with the gasification reactor integrated with the mobile engine. This has increased the equipment size and it is a batch-type operation leading to much inconvenience in operation and difficulty in automatic switch-off. The gasification reactor also had a long delay period to reach stable operation. In addition to the above cases, the whole operation was not air tight, and as a result, there was excessive exposure to carbon monoxide. 3 The gasification technology was not technologically mature at the time. Nowadays, the gasification technology has reached an advanced stage with its carbon conversion efficiency around 85% and with a mature technology. 4 In addition to this, the fueling system has become tight from the environment and fuel efficient at its current status. On the other hand, there are few successful trials to introduce storage system in the gasification system so that gas production (gasification) and power generation could be separated. [5] [6] [7] Yang et al. 6 reported that syngas can be stored with no effect on the composition under temperature range of 215°C to 45°C and pressure up to 83 bar. Therefore, this fuel can be technically and economically competitive to fossil-based gaseous fuels in modern directinjection spark-ignition (DISI) engines. However, syngas has had little attention by researchers and no literature could be found on investigation of its use in DISI engines. Syngas produced from gasification has varied gas composition based on the gasification parameters. Among the parameters that affect the yield, gasifying agent is the most significant. The main gasifying agents used in the process are oxygen, steam and air. 8, 9 Syngas produced using steam or oxygen as gasifying agent has H 2 , CO and/or CH 4 as constituent gases and is called medium calorific value syngas with its heating value ranging from 10 to 28 MJ/N m 3 . Syngas produced using air as a gasifying agent with more than 50% of its constituent gases noncombustible is called lower calorific value syngas or producer gas and its heating value ranges from 4 to 7 MJ/N m 3 . 8 This article is part of an ongoing research on the combustion, performance and emissions of different types of syngas representing the entire above categories. In this work, syngas of 50% H 2 :50% CO by volume is investigated on DISI engine with the aim of exploring the use of syngas in the current gaseous engine technologies as a potential replacement for fossil-derived fuels. The scope of this article is limited to the effect of start of injection (SOI) on combustion, performance and emission characteristics of syngas in DISI engine. To benchmark the performance of syngas fueling in DISI engine, comparison of combustion, performance and emissions of syngas and compressed natural gas (CNG) was studied, setting the SOI at 180°before top dead center (BTDC). The findings from this study are reported in a separate article. 10 Majority of researches in the field of syngas utilization are focused on its use as a direct fuel in integrated gasification combined cycle 11 and in the fuel and chemical production, where syngas is used as an intermediate product. 12 However, internal combustion engines (ICEs) are the most vital technological advancements that play a major role in the distributed power generation above all for a variable power output requirement. 13 They have flexible application in moving and stationary machineries. ICEs are believed to have benefits such as low capital cost, reliable, good part-load performance, high operating efficiency, modularity and quite safe to use in comparison to other types of combustion technologies. Because of this, utilization of syngas in these engines has paramount importance. The constituent of syngas that comes from gasification lacks consistency. Besides, there were misunderstandings about syngas auto-ignition tendency at higher compression ratio (510:1) and its power reduction, of which the former was addressed elsewhere. 14, 15 These were the two reasons for the lack of adequate research in the area.
The prospect of syngas as a fuel in ICE is believed to be very promising and even cost competitive with natural gas. 13 It is reported that purified syngas contains very low level of contaminants. 16 Besides, ICEs are more tolerant toward contaminants as compared to gas turbines. Even though researches in the utilization of syngas in ICE are not significant in number as in the case of integrated gasification combined cycle, there have been related researches on SI engine applications, 2,17-21 specifically for naturally aspirated carbureted and port injection types, and dual-fuel compression ignition (CI) engine applications. [22] [23] [24] [25] The volumetric efficiency of the carbureted and port injection engines drops as the fuel displaces air. Furthermore, these engines have high pumping and heat losses as compared to DISI engines, resulting in high fuel consumption. 26 As a result, the theoretical power output of carbureted and port injection engines is lower with syngas (lower energy density fuel) as compared to gasoline and CNG (higher energy density fuels). Apart from other engine operating parameters, syngas fueled engine with a DI system is expected to have better engine power output. The results on performance of DI engine using gaseous fuels (CNG, H 2 and mixture of both) have been presented in other publications. [27] [28] [29] [30] Studies indicated that SOI is an important parameter in the combustion, performance and emissions of a DI engine. SOI = 180°BTDC was reported to be an optimum injection timing over a wide range of operations while SOI = 120°BTDC as best at low engine speeds for CNG in particular. 27, 31 However, the effect of SOI on syngas was not previously studied. The two SOIs were selected to represent the fuel injection before and after the inlet valve closing (IVC) in this study.
Experimental setup and methods

Experimental methods
The study was conducted using a four-stroke, singlecylinder, DISI research engine with a compression ratio of 14:1. The engine is naturally aspirated and has a displacement volume of 400 cm 3 . Its schematic diagram is shown in Figure 1 and its specification has been explained in Hagos et al. 10, 32 It was operated at full throttle condition at lean operation condition with the engine speed ranging from 1500 to 2400 r/min. As shown in Table 1 , syngas has better faster laminar flame speed and lower calorific value. To improve the brake-specific fuel consumption, the test strategy is preferred to be lean operation condition. The experiment was carried out at the Center for Automotive Research and Electric Mobility (CAREM), Universiti Teknologi PETRONAS. The experiments were conducted in accordance with the Society of Automotive Engineers (SAE) standards of Engine Power Test Code. 33 The engine was coupled to an eddy-current electric dynamometer to measure the brake torque and further the electric dynamometer motors the engine at time of no combustion. At early fuel injection timings, the charge has enough time to mix with air before the onset of ignition. As a result, the shape of the piston head has less significance in the charge mixing process. However, there is insufficient time for charge mixing in the late injection operations resulting in uneven air-fuel ratio in the cylinder. 34 The shape of the piston head and the SOI at late injection influences the distribution of charge in the chamber. 35 There are three types of combustion systems in the DI engines based on the arrangement of the piston bowl, injector and spark plug and based on the way, the mixture is formed in the chamber. These are spray-guided, wall-guided and airguided combustion systems. 36, 37 In this study, the combustion system is a spray-guided system that can create charge stratification at late injection and lean operation condition. A large piston bowl that creates fuel stratification in the chamber was used. The bowl position is slightly offset from the center and aligned with the injector and spark plug arrangements. As a result, the fuel is deflected back from the piston creating richer mixture near the spark plug. Such fuel stratification reduces the combustion instability and increases mixture distribution quality in the cylinder at a lean airfuel ratio. The injection system was a central DI where the injector was placed with its axis aligned with the center of the piston bowl and 6 mm offset to the spark plug. A prototype injector was used for the study. The fuel injection pressure was kept at 18 bar. In direction injection fueling system, the fuel induction can be classified as DI, partial direction injection and simulated port injection based on the SOI as compared to the degree of crank angle (CA) for IVC. The inlet valve closes in the current engine at 132°CA BTDC. Therefore, the two SOIs selected in this study are representative of the DI and partial direction injection fuel induction. While SOI = 120°CA BTDC represents the DI, 180°CA BTDC is for the partial DI.
Fuels and metering
In this work, a pre-mixed syngas was used to overcome limitations in the real syngas produced from gasification. The imitated pre-mixed gas was prepared in a factory with certification of 50% H 2 and 50% CO. This syngas was taken to be a representative of the family of various ratios of the H 2 /CO family syngas. The H 2 /CO syngas lies in the medium calorific value syngas category. It was supplied in a gas bottle at a pressure of 160 bar. Table 1 shows the properties of the syngas and CNG used in this study. There are many researches on the effect of SOI on the combustion, performance and emissions characteristics of CNG in DISI engines. However, there is limited knowledge on lower and medium calorific value fuels such as H 2 /CO syngas. Syngas has a molar basis stoichiometric air-fuel ratio of 2.38 compared to 9.7 of that of CNG. On the other hand, it has oxygen content of 53.33%. Fossil-based fuels lack oxygen content in their fuel composition. Therefore, syngas needs to be investigated for engine parameters effect on its combustion, performance and emission characteristics. The effect of air-fuel ratio on the combustion characteristics of similar fuel was investigated and its results are reported elsewhere. 38 The CNG used was obtained from a local natural gas vehicle (NGV) station pressurized in a bottle at 200 bar. The temperature at the fuel rail of both the CNG and syngas was maintained at room temperature. A Coriolis flow-meter was used to measure the mass flow rate of CNG with a sensitivity of 0.001 g/s and a flow accuracy of 60.05% of the flow rate. The CNG fueling system was equipped with subsequent pressure regulators and a compressed-pressure line to maintain the pressure along the fuel rail to obtain a small variability in the fuel injection rate. The injector was calibrated to measure the CNG mass flow rate throughout the injection duration. A 560-series Concoa 150-mm flow-meter calibrated for syngas was used to measure and control the flow rate of the syngas. The accuracy is 63% full scale and with a repeatability of 625% full scale. The injector used in this study is a narrow angle injector with a spray angle of 30°.
An injector holder specially designed to support two fuel lines was used in this study. This arrangement has helped in simplifying the fuel switchover at the time of engine warm-up. The injector holder was first used elsewhere for an in situ mixing of hydrogen and CNG. 39 The engine warm-up and stabilization were carried out with the CNG as the factory-processed imitated syngas was costly. However, the current cost of the imitated syngas does not reflect the cost of real product of gasification. The fuel switchover was performed after the engine attained stable operation.
Instrumentation
The ambient conditions such as the room temperature, pressure and relative humidity near the air induction of the engine were recorded using an Oregon Scientific weather station Higbo 433 MHz. The temperature resolution of weather station is 0.1°C. The engine inlet manifold air flow rate was measured by Bosch MAF with an accuracy of 43% fitted to the engine inlet manifold. The temperatures of the coolant, engine oil, induction air and exhaust gas were recorded from the engine control display measured by thermocouples fitted to the engine.
The combustion analysis of the engine was performed from the pressure readings of the engine cylinder. A Kistler piezoelectric pressure transducer with a sensitivity of '25 pC/bar and measurement uncertainty of 60.5% of full scale was installed in the cylinder head to record the in-cylinder pressure. The data capturing was synchronized with the CA encoder that determined the angular position for each pressure reading. The dynamic accuracy of the CA encoder at 10,000 r/min is + 0.02. The LabVIEW program displayed and stored the pressure against the engine CA.
The concentration of the exhaust gas species was measured by a GASMET CX series gas analyzer working on the Fourier transform infrared (FTIR) principle with a certified analysis accuracy of each gas usually being 2%. As the infrared light passed through the gas sample, part of the light was absorbed resulting in an infrared spectrum. A Fourier transform analysis identifies the gas species and their concentration in parts per million (ppm) or in volume percentage directly logged to a computer. It was capable of measuring up to 50 species of gases. An ENOTEC OXITEC 5000 oxygen analyzer that uses a ZrO 2 oxygen in situ sensor with a certified analysis accuracy of 0.2% was used in this experiment. Its output was a voltage proportional to the oxygen concentration in the exhaust gas. This equipment was also used to meter the l of the air-fuel mixture of the charge.
Combustion, performance and emission analysis
The investigation of the effect of SOI on the combustion of the syngas in the DISI engine was performed by monitoring the in-cylinder pressure data with the help of a pressure sensor. The pressure reading of up to 100 power cycles was recorded for a single run. The mean effective pressure (MEP) was used in the selection of the most representative cycle. The indicated mean effective pressure (IMEP) was calculated from the pressure data collected by the pressure sensor in a range of CA rotation of the engine cycle based on equation (1) as follows
where p(i) is the in-cylinder pressure at the CA i, V(i) is the cylinder volume at the CA i and n 1 and n 2 represent two successive BDC CA positions. 40 The IMEP avg was calculated from the in-cylinder pressure reading of up to 100 power cycles based on equation (2) as follows
where n is the number of power cycles recorded. The analysis of the IMEP is sensitive to the CA phasing errors and thermal shocking of the pressure transducer. The pressure-volume data at every 0.5°CA were captured for consecutive 100 cycles. According to the recommendations by Heywood, 41 the cylinder pressure data were averaged over 100 cycles by obtaining mean cylinder pressure at each 0.5°CA interval. The IMEP was calculated from the average cycle. Other parameters such as the combustion pressure and the mass fraction burn (MFB) were calculated from the selected cycle. In any CA interval, the actual pressure change DP(P j + 1 À P j ) is assumed to be made up of a pressure rise due to combustion (DP C ) and a pressure change due to a volume change (DP V ) according to Rassweiler and Withrow as cited in Wiseman. 42 The pressure change due to the combustion at the end of the interval Du is modeled as
where n is the polytropic index, quantified to be 1.33 for the current engine by fitting a regression curve of the pressure-volume reading during the motoring cycle. Rassweiler and Withrow also assumed that the combustion pressure rise is proportional to the mass of the charge burned. 41 The MFB at the end of the interval Du is given by
The effect of SOI on the performance was addressed through the operating parameters such as the brake power, brake MEP, brake-specific fuel consumption and brake thermal efficiency. They were calculated from the fuel properties, fuel rate and torque reading from the engine control unit (ECU) based on the equations presented in Heywood. 41 The concentrations of the gaseous emissions were measured in ppm or percent by volume using the FTIR exhaust gas analyzer. A comparison of the emission levels in this study was made by the volume based in ppm.
Results and discussion
Pressure data from the pressure transducer, readings from the ECU, fuel rate, atmospheric condition and emission data from the gas analyzer were the inputs for the analysis. Two SOIs were selected to represent the fuel injection before and after the IVC. Excess air ratio (l) was set at 2.3 which was in the operation range for most of the speeds in the two SOIs. All the experiments were conducted at stable engine condition with the coefficient of variation (COV) of IMEP less than 10%. The result and discussions of this study are presented in three sections below. Table 2 shows a list of study parameters considered in this work. Figure 2 shows the variation in IMEP with l for engine speeds at 1500 and 2100 r/min for both CNG and syngas at SOI = 120°CA BTDC and 180°CA BTDC. In both SOIs, syngas was observed to run at wider l in both engine speeds. Syngas was observed to improve the lower end limit of CNG. While CNG operation was near to the stoichiometric air-fuel ratio, syngas has extended the lean limit operation to an excess air ratio of 3.2 at SOI = 180°CA BTDC and engine speed of 1500 r/min and to 4.0 at SOI = 120°CA BTDC and engine speed of 1500 r/min. Similarly, at 2100 r/min, l was extended to 2.75 and 4.0 at SOI = 120°CA BTDC and 180°CA BTDC, respectively. The attributes for the poor performance of syngas at the upper end near the stoichiometric operation were explained in another work by the same authors. As far the combustion stability is concerned shown in Figure 3 , syngas was observed to have lower COV of IMEP for a wide operation range at both SOIs. This is in contrary to the poor engine stability of CNG at lean operation conditions. The attributes for the smooth combustion of syngas are due to the fast flame speed of hydrogen. Figure 4 shows the SOI and the injection duration at the two SOIs for the different engine speeds at l = 2.3. The ECU pre-loaded interface software limited the end of the fuel injection at 30°BTDC to give enough time for a proper mixing of the charge before the onset of ignition.
Combustion
The SOI = 180°BTDC is also called a partial DI. 28 The fuel injection process remained active from the start of compression stroke up to several crank angle degree (CAD) after the IVC. At this SOI, the end of injection was 123°CA BTDC for 1500 r/min and 100°B TDC for 2400 r/min for syngas. The injection duration was increased with an increase in engine speed with 57°CA for 1500 r/min and 80°CA for 2400 r/min. An SOI = 120°BTDC was taken representative of complete DI. The fuel injection started after 12°CA from the IVC for this SOI. The available duration for fuel injection at this SOI was limited to 90°CA. Only engine speeds up to 2100 r/min could meet the injection duration demand with l = 2.3. The amount of fuel required to create l = 2.3 could not be completely inhaled at 2400 r/min. The SOI = 120°BTDC was shown to have operation limits at higher speeds and richer mixtures in particular. This was due to the fact that the injection has to be completed before the onset of ignition. Therefore, further retarding of the injection timing could be at the cost of injection duration limitation and lack of sufficient time for mixing of the charge. Figure 5 (a) and (b) shows the variations in IMEP and torque with the engine speed for the two SOIs at l = 2.3. At all engine speeds, higher IMEP and torque were presented at SOI = 120°BTDC. However, this SOI was shown to experience severe limitations on the injection duration with the speed increasing and that forced the engine to operate at a limited l. This was because of the fuel's lower calorific value resulted in operational limitations at late injection mainly at higher speeds and air-fuel ratio close to the stoichiometry. In both injection timings, the IMEP and torque started to decrease up to 1800 r/min and then increased after this speed. At 1800 r/min, the value for IMEP and torque of the two injection timings coincided. The ignition advance for maximum brake torque (MBT) at 1800 r/min was found to be higher than the other speeds for both the two injection timings. The reduction in IMEP and torque compared to the other speeds is attributed to higher wall heat transfer as a result of the higher ignition advance for MBT with this speed. Table 3 shows the ignition advance for MBT at the SOIs of 120°and 180°BTDC for the speeds of 1500 and 2100 r/min. The ignition timing was more advanced at the SOI = 180°BTDC for both speeds compared to the late injection (SOI = 120°BTDC). For the early injection (SOI = 180°BTDC), there was sufficient time for charge mixing as the end of injection was far from the start of ignition. Therefore, the ignition could be advanced further to attain the peak pressure at 5°-10°a fter top dead center (ATDC) for MBT. However, the start of ignition needs to be retarded close to top dead center (TDC) for the late injection to give sufficient time for the charge mixing. This, in turn, has to push the in-cylinder peak pressure position to 12.5°ATDC for 1500 r/min. The position for the peak in-cylinder pressure of the late injection was close to TDC compared to that of the early injection at the speed of 2100 r/min. Figures 6 and 7 present the variation in the pressure, heat release rate and MFB with CA of the two SOIs at the speeds of 1500 and 2100 r/min and l of 2.3. The peak pressure and the peak heat release rate were higher at the SOI = 120°BTDC for both the speeds. This result was in contrary to that of the CNG and CNG-H 2 mixture fueled in the same engine reported by different authors. 27, 28 The difference could be due to the change in the ignition timing for the two injections and the higher burning velocity of the syngas in this study. The fuel per cycle inducted to the cylinder at the same l was increased for the late injection compared to that of the early injection. This could be verified from the injection duration at the same l and speed as shown in Figure 3 . The duration of the late injection (90°CA at 2100 r/min) was longer than that of early injection (68°C A at 2100 r/min). Similar observation of the effect of injection timing on the amount of fuel induction to cylinder was reported for hydrogen in a separate study elsewhere. 43 Figure 6 also presents the difference in the position of the peak pressure and the peak heat release rate for the two speeds at different SOIs. At 1500 r/min, a peak pressure of 54.8 bar was observed at 12.5°ATDC and a peak heat release rate of 0.03 kJ/°CA at 10°ATDC for the SOI = 120°BTDC. A peak pressure of 51.7 bar at 8.5°ATDC and a peak heat release rate of 0.016 kJ/°C A at 5°ATDC were recorded for the SOI = 180°B TDC. On the other hand, a peak pressure of 52.4 bar was observed at 7°ATDC with a peak heat release rate of 0.02 kJ/°CA at 1°ATDC for the SOI = 120°BTDC at 2100 r/min. For the SOI = 180°BTDC injection at 2100 r/min, a peak pressure of 39.2 bar at 9.5°ATDC and a peak heat release rate of 0.012 kJ/°CA at 10.5°A TDC were reported. Advances in the position of both the peak pressure and peak heat release rate were observed with an increase in the engine speed. The reason for the difference in the value and position of the combustion peak pressure and heat release rate for the two injection timings could be due to the retard of the ignition advance at the late injection leading to higher cylinder temperature at the time of ignition. In addition, there was fuel stratification at the late injection, and thus leading to higher mixture strength near the spark. The degree of fuel stratification increases with the retard of SOI. [44] [45] [46] On the other hand, the late injection maintains a higher turbulence level so that the turbulent burning velocity is higher and hence a higher heat release rate. The last attribute was higher volumetric efficiency at the late injection due to an increased air breathing efficiency. On the other hand, the reason for the difference in the value and position of the combustion peak pressure and heat release rate for the two speeds (the highest maximum heat release rate of 0.03 kJ/°CA for 1500 r/min as compared to 0.02 kJ/°CA of 2100 r/min) could be due to the variation in volumetric efficiency and variation in mixing time with the engine speed. A similar result was revealed with hydrogen by Mohammadi et al. where at fixed l = 2.0 and fixed ignition timing, the dP/dF increased. The highest maximum heat release rate of 0.03 kJ/°CA and maximum pressure of 54.8 bar are safe to the engine as far as the injector and noise are concerned. 43 The above phenomena could be further explained with the MFB presented in Figure 7 . A short delay period was observed at the SOI = 120°BTDC with 2100 r/min compared to 1500 r/min. This was due to the variation in air-fuel ratio near the spark plug resulting from the fuel stratification. No difference could be observed with the ignition delay on the early injection. Overall, the SOI = 180°BTDC was observed to cause longer combustion duration in both the two speeds with 28°CA. The lower speed was observed to cause longer combustion duration with 25°CA compared to 24°CA of the 2100 r/min at SOI = 120°BTDC.
Performance
The performance characteristics of syngas in DISI engine for injection timings of 180°and 120°BTDC at speeds from 1500 to 2100 r/min are shown in Figure 8 . At l \ 2.3, the operation for 120°BTDC was not possible due to long duration requiring to completely inhale the amount of fuel. Therefore, the air-fuel ratio was set at l = 2.3 for the performance comparison of the two injection timings. Even at engine speeds higher than 2100 r/min, the late injection at SOI = 120°BTDC could not provide mixture at l = 2.3 as the injection duration was less than the required to fully inhale the amount of fuel. Therefore, the data at 2400 r/min were not considered for comparison.
The effect of injection timing on power is presented in Figure 8 (a). The power curve is shown to increase with an increase in engine speed. SOI = 120°BTDC was shown to have 17.7%-20.3% better power as compared to SOI = 180°BTDC. The variation in brake mean effective pressure (BMEP) at different injection timings with the engine speed is shown in Figure 8 (b). SOI at 120°BTDC was shown to have 17.6%-22% better BMEP as compared to SOI = 180°BTDC at all engine speeds. The BMEP was also observed to decrease with an increase in engine speed. The variation in brake thermal efficiency with speed was shown to be 10% for injection timing 180°BTDC. However, the brake thermal efficiency was higher and decreased with an increase in engine speed for SOI = 120°BTDC as shown in Figure 8 (c). Engine speed at 1800 r/min experienced coincidence of brake power, BMEP and brake thermal efficiency which was attributed to the variation in ignition advance for MBT compared to the other speeds. The better performance of injection timing 120°B TDC shown in Figure 8 was attributed to the volumetric efficiency improvement due to charge induction after IVC. However, this advantage started to diminish at the higher speeds due to the lack of appropriate mixing time and thereby an incomplete combustion at the late injection. This could be clearly seen from the combustion pressure in Figure 6 and in the pollutant gases.
In summary, the late injection at 120°BTDC experienced a better performance at the range of operation speed of this study. However, the advantage was shown to fade away as the speed increased. Late injection at SOI = 120°BTDC was shown to have operation limitation at air-fuel ratio l \ 2.3. This was due to the demand for longer injection duration more than the available and thus leading to lack of appropriate mixing time of the charge.
Emission
The effect of injection timing on the emissions of CO, NO x and THC is presented in Figure 9 . The air-fuel ratio was set at l = 2.3 for the emission comparison of the two injection timings. Figure 9 (a) shows the emissions of CO against the speed at different injection timings. CO emission was observed to increase with an increase in speed for both injections. The injection timing at 120°BTDC was shown to experience 19% increase at 1500 r/min compared to SOI = 180°BTDC and the difference further increased with speed. This was due to an insufficient time for the fuel and air mixing with the retard of the fuel injection timing and an increased speed. Figure 9 (b) shows the variation in emissions of NO x with the engine speed for the two injection timings. The emissions of NO x decreased with an increase in the engine speed at both injection timings. The SOI = 120°B TDC was shown to experience with higher emissions of NO x at all speeds. This was attributed to the higher peak in-cylinder pressure and faster heat release rate reported for the SOI = 120°BTDC in Figure 6 . Ignition took place before the charge properly homogenized in the cylinder, prompting stratification at the late injection. The CO emission was higher because of an incomplete combustion as a result of richer mixture near the spark plug and lean mixture near the cylinder walls.
The effect of insufficient time due to an increase in engine speed and retard of fuel injection timing is shown in Figure 9 (c). The emission of THC increased with an increase in engine speed at the SOI = 120°B TDC. In summary, it was observed that retarding the fuel injection increased the emissions of the major pollutant gases. The effect was also seen to be more pronounced with the engine speed increasing. The SOI = 180°B TDC was observed to operate stable under wide airfuel ratio. Besides, the emissions of the major pollutant gases were shown to be lower than that of the late injection timings (120°BTDC). The results indicate that syngas can be fuel for SI DI engine with no or little modification in the engine hardware. The fact that the two injection timings show their strengths at different engine conditions, variable injection timing can be a best strategy for general use of syngas in the SI DI engine. On the other hand, the results have also indicated that there is further demand on the optimization of the fuel injection system for a wider engine operation. With the use of the engine combustion, performance and emission data presented in this study, complete performance mapping can be generated with the help of engine performance prediction and optimization tools.
Conclusion
The objective of this study was to investigate the effect of injection timing on the combustion, performance and emission characteristics of syngas (H 2 /CO) in DISI engine. The results of study are inferred from the combustion characteristics such as the in-cylinder pressure, heat release rate and MFB versus CA at l = 2.3 at two engine speeds for SOI = 180 and 120°BTDC. The late injection was observed with higher peak pressure, higher peak heat release rate and faster combustion duration at all engine speeds. Better performance was reported with the SOI = 120°BTDC at all engine speeds. However, the brake thermal efficiency of this injection timing was observed to be decreasing with the engine speed increasing while that of the SOI = 180°B TDC is observed to be increasing. The emissions of CO, NO x and THC were observed to be lower with the SOI = 180°BTDC; the difference being more pronounced with an increase in engine speed. Therefore, the injection timing could be set at 120°BTDC at lower engine speeds up to 2100 r/min and increase to 180°B TDC at higher speeds for better combustion, performance and emissions.
